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the structure. Although the geometrical isomers are
not bound to be of identical energy, the refinement of
the occupancy factors of C(17), C(20), and C(21) (see
above) showed that both isomers are equally distributed
throughout the crystal.

Bond lengths and angles in the ligand molecule (Table
V) are in agreement within their standard deviations
with values from other salicylaldimine complexes.?
It appears however that standard deviations on dis-
tances and angles including atoms involved in the disor-
der are somewhat optimistic. The equations of some
significant least-squares planes and the deviations of the
atoms from these planes are reported in Table VI. It
can be noted that the nickel atom is not symmetrically
displaced from the salicylaldimine planes, the two dis-
tances being 0.37 and 0.78 A. The angle between the
two planes passing through the salicylaldimine moieties
is 101.0°.

(27) E. C. Lingafelter and R. L. Braun, J. Amer. Chem. Soc., 88, 2951
(1966).
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Inspection of the intermolecular distances below 3.6 A
shows that there are no unusually short contacts be-
tween molecules (Table VII).

TaABLE VII
INTERMOLECULAR CONTACTS BELOW 3.6 A
Atom 1 Atom 2 Dist, A
C(3) C13) w4+ 1,5, 2) 3.35
C(18) 00@) (x+1,9,2) 3.57
CU8)  CU0) (x4 1, 2) 3.50
C(13) C(20)" (&, 4,2+ 1) 3.46
C(10) c@elyY &, y+ Yo+ o) 3.57

Finally it should be mentioned that this structure
represents an unusual case of a pentacoordinated com-
plex formed by a pentadentate ligand. Only recently
another similar case has been reported,?® in which the
pentadentate ligand tpen (N,N,N’-tris(2-(2’-pyridyl)-
ethyl)ethylenediamine) forms a square-pyramidal ste-
reochemistry around the nickel atom.
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This complex [Co(CyH;sN;)Cly] ClOy crystallizes in space group P2; with unit cell dimensions of ¢ = 13.237 £ 0.007 A,
b = 16.671 == 0.009 A, ¢ = 12.988 &= 0.006 &, 3 = 94.81 == 0.02°, Z = 4, and pearea = 1.416 & 0.003 g cm™~% at 23°.

The structure was solved by the heavy-atom method with 2277 observed reflections collected on an automatic diffractometer.
Refinement proceeded anisotropically for Co and Cl and isotropically for the remaining light atoms to a final reliability index
R; = 0.096. The Cl atoms show trans coordination, and the absolute configuration has been verified from anomalous dis-
persion data. Both molecules in the asymmetric unit have the same conformation in the coordination sphere, but pendant
groups show differences in orientation caused by crystal packing requirements. Average bond lengths in the coordination
octahedra are Co-N = 1.96 == 0.01 A and Co-Cl = 2.260 =& 0.008 A. Optical rotatory dispersion, circular dichroism, and

absorption spectra for this complex are shown and compared with spectra for similar complexes in the literature.

The cor-

relation of these spectra with absolute configuration and the conformation of the chelate rings is discussed.

Introduction

The assignment of absolute configuration and chelate
ring conformation on the basis of optical rotatory dis-
persion (ORD) and circular dichroism (CD) data has
too often been incorrect. Robinson, et al., pointed out
the need for care in making such assignments “‘even for
complexes which have similar visible absorption spectra
and chromophores which have effectively Dy, sym-
metry.”’! Reference molecules are needed for which
both crystal and molecular structure and the circular
dichroism data are known in detail. Preferably, these
should have high conformational and configurational

(1) W. T. Robinson, D. A. Buckingham, G. Chandler, L. G. Marzilli,
and A. M. Sargeson, Chem. Commun., 539 (1969).

stability to minimize the possibility of alteration during
phase changes from solution to solid. Recently a new
tetradentate ligand with four optical centers of dif-
ferent relative configurations has been reported.? In a
Co(III) complex, the ligand is strongly stereoselective
for the trans isomer (Figure 1), and the only other iso-
mer observed, the L-cis-3, readily isomerizes to the
trans geometry. Initially, a D-cis-a isomer was pre-
dicted by analogy with (S,S)-«,a’-(CHj)strien which
complexes with Co(III) to give 959 D-cis-a, 4% L-
cis-B, and 19, trans isomers.® As in the new ligand, the
backbone of this trien molecule has a configuration

(2) R.G. Asperger, I'norg. Chem., 8, 2127 (1969).
(3) R.G. Asperger and C. F. Liu, ¢bid., 4, 1395 (1965).
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Figure 1.—Geometric isomers in an octahedral complex.
Cis forms occur as enantiomeric pairs giving a total of five possible
isomers.

opposite to that in the two arms, both of which have the
same configuration. We report here a single-crystal
X-ray diffraction study of the perchlorate salt of a
Co(I1I) ion complex of the new ligand N,N’-bis((S)-
2-amino-3-phenylpropyl)-trans-(R)-1,2-cyclohexanedia-
mine and the correlation of the ORD and CD spectra
with the established structure. The work was under-
taken to provide a reference of the type discussed
above.
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chromator.* Settings were based on a reference set of 12 reflec-
tions measured manually. The takeoff angle for the X-ray tube
was 4°, the scintillation detector with a 4.0-mm square aperture
was placed 26 cm from the crystal, and the pulse-height analyzer
was optimized for the radiation in conjunction with the graphite
monochromator. Data were collected in the 26 scan mode with
a 1°/min scan rate over a scan range which varied from 2.1 to
5.2° in going to the maximum sin 8 value of 0.909. Background
counts of 20 sec were taken at each end of a scan using the sta-
tionary-crystal, stationary-counter technique. Corrections for
Lorentz and polarization effects were made, and an error o(I) =
[(0.031)? + Ny + kiN}) !/t was assigned to the net intensities I =
No — kN and used to calculate the weights w = 4F%/g%(F?) for
the least-squares structure refinement minimizing 2(wF, — F;)2.
Here N, is the gross count, N}, is the background count, and % is
the ratio of scan time to background time. Using the arbitrary
criterion I 2 3q(I) to distinguish observed from nonobserved in-
tensities resulted in final data sets of 2277 k&l reflections and 2303
Rkl reflections. The linear absorption coefficient is 74.93 cm™,
and a general absorption correction was made$:® giving transmis-
sion coeflicients ranging from 0.39 to 0.66. A Wilson plot was
used to obtain initial scale and overall temperature factors.
Seven of the eight heavy atoms in the asymmetric unit were
found in a Patterson map and used for initial phasing of electron
density maps from which all remaining atoms (65) were found in

Figure 2.—Stereoview of [Co(CsyHyeN,4)Cl] ClOy.

Experimental Section

X-Ray Data and Solution of Structure.—All procedures were
carried out at prevailing room temperatues of approximately 23°.
The complex Co[CeCleH3eN,]C10,4 (1) forms bright green crystals
in the shape of elongated prisms. Weissenberg photographs
show monoclinic diffraction symmetry Cj and systematic ab-
sences for 020 with & odd, characteristic for space groups P2; and
P2,/m, but only P2, is consistent with the optical activity of the
complex. A crystal of dimensions 0.06 X 0.10 X 0.30 mm, per-
pendicular to faces (001), (100), and- (010), respectively, was
mounted on a card-controlled Picker four-circle diffractometer
with the b axis parallel with ¢. Using Cu Ka radiation (A 1.5418
A), unit cell dimensions of ¢ = 18.237 = 0.007 4, b = 16.671 =
0.009 4, ¢ = 12.988 = 0.006 &, and 8 = 94.81 = 0.02° were ob-
tained from a least-squares fit of the setting angles for 12 reflec-
tions; a factor of 3 was applied to the estimated standard devia-
tions from the least-squares calculation to give the reported values.
Four formula units per unit cell give a reasonable calculated den-
sity of 1.416 g cm~2 and the structure study thereby required the
determination of parameters for 72 independent atoms.

Intensities for 5567 kkl reflections and 5142 %kl reflections were
measured on the automatic diffractometer using Cu Ka radiation
with the 100 reflection of a highly oriented graphite crystal mono-

two cycles. After isotropic refinement to reliability indices R
= Z||F| — |F||/Z|F)| = 0.148 and R, = {Zw(F, ~ F,)¥/
ZwF,2}'/* = 0.166, values of Af’ and Af'’ for Co and Cl were
introduced and calculations were done for each of the two possi-
ble mirror image structures.” R;, R, values of 0.130, 0.135 and
0.133, 0.141 were judged to be different enough for these calcula-
tions to identify the correct enantiomer, and refinement proceeded
anisotropically for Co and Cl and isotropically for the remaining

(4) T. C. Furnas, Jr., and D, W, Beard, Paper E3, American Crystal-
lographic Association Meeting, Minneapolis, Minn., Aug 22, 1967,

(5) J. DeMeulenaer and H. Tompa, Acta Crystallogr., 19, 1014 (1965).

(6) Local programs used with the IBM 1130 computer include pIrFcL
and o1rsT for automatic diffractometer setup, XRop5 for data reduction,
wiLpT for a Wilson plot, PASHCO to produce sharpened Patterson coeffi-
cients, LsQPL to fit planes and lines by the method of Shoemaker ¢t al., and
JOURN to prepare Fg, Fo tables. In addition, a version of C. K. Johnson’s
ORTEP thermal ellipsoid plotting program, adapted to the IBM 1130 by
T. P. Blumer, was used. A CDC 3800 was used for D'Addario and Knox’s
version of Byungkook-Lee’s absorption program ABSCORR, for Gvildy'’s
versions of Busing, Martin, and Levy’s ORFLS and ORFFE least-squares and
function and error programs, and for his version of Sly and Shoemaker’s
MIFRI Fourier summation program.

(7) Atomic scattering factors for neutral atoms are from J. A. Ibers,
‘‘International Tables for X-Ray Crystallography,”’ Vol. 111, Kynoch Press,
Birmingham, Engand, 1962, Table 3.3.1A, and dispersion corrections for
Coand Cl are from the same place, Table 3.3.2A.
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Atom X y z B Atom X y z B
Co(l) 0.1082(3) 0.2376(origin) 0.1251(3) - c(13) 0.2900(20) 0.0986(19) -0.1774(21)  4.33(75)
Co(2) 0.6162(3) 0.2386(4) 0.1633(3) - Cc(14) 0.3140(18)  ©0.0389(16) -0.0969(20) 3,42(68)
c1(1) -0.0102(5) 0.1403(5) 0.1326(5) - c(15) 0.3236(17) 0.0762(16) 0.0179(18)  2,75(62)
c1(2) 0.2251(6) 0,3364(5) 0.1242(6) - c(16) 0.0667(18)  0:2998(17) -0.0763(19)  3.41(67)
C1(3) 0.7485(5) 0.2997(5) 0.1041(5) - c(17) -0.0265(18)  0.3223(16) -0.0200(19) 2.79(60)
Cl(4) 0.4689(5) 0.1839(5) 0.2134(5) - C(18)  -0.0579(16)  0.4136(15) -0.0434(17) 2,18(58)
c1(5) 0.9108(6) 0.4134(6) 0.3364(6) - c(19) -0.1122(22) 0.4175(19) -0.1545(22)  4.42(79)
C1(6) 0.4447(8) 0.3799(7) -0.1025(7) - c(20) -0.0664(18) 0.4373(16) -0.2422(21)  3.02(686)
0 (1) 0.9106(13)  0.4510(12) 0.2366(15) 5.35(52) c(21) -0.1136(20) 0.4341(17) -0.3409(21)  4.08(71)
o (2) 0.9728(17) 0.4475(16) 0.4096(19) 9.06(78) c(22) -0.2191(22) 0.4192(18) -0.3484(22) 4.72(76)
0 (3) 0.8045(19) 0.4177(17) 0.3660(19) 9.80(85) c(23) -0,2699(20) Q.4078(18) -0.2675(22)  4.20(72)
0o (4) 0.9357(18) 0.3287(17) 0.3241(18) 9.12(74) c(24) -0.2216(21)  0.4042(18) ~0.1653(21) 4.01(75)
0 (5) 0.3909(23)  0.4307(22) -0.1605(26) 14.09(123)  C(25) 0.7059(17)  0.1030(15) 0.0799(18) 2.54(59)
0 (6) 0.5050(27)  0.3335(24) -0,1770(28) 17.21(132) C(26) 0.6037(19) 0.1189(18) 0.0085(20) 4.12(72)
o (7) 0.4999(27)  0.4246(23) -0.0280(28) 16,16(133) C(27) 0.6136(21) 0.0961(18) -0.1115(21) 4.53(73)
o (8) 0.4028(27) 0,3141(26) -0,0636(27) '16,82(137) C(28) 0.7091(20) 0.1123(17) ~0.1500(19)  3,72(71)
N (1) 0.1226(13)  0,2369(14) 0.2773(13) 2,87(45) c(29) 0.7328(23) 0.1947(20) -0:2040(22)  5.19(78)
N (2) 0.0981(14)  0.2230(11) -0,0230(13) 2,48(50) C(30) 0.8285(24)  0.2058(20) -0.2433(22) 5,40(86)
N (3) 0.2245(14) 0.1651(12) 0,1312(16) 2.80(54) c(31) 0.9001(20) 0.1540(19) -0.2380(21)  3.90(74)
N (4) 0.0045(13)  0.3200(12) 0.0929(14) 2,36(49) c(32) 0.8822(23) 0.0779(21) -0.1880(22) 5.26(90)
N (5) 0.6763(13) 0.2610(12) 0.3022(13) 2.78(48) C(33) 0.7913(22) 0.0576(18) -0.1423(21)  4.26(80)
N (6) 0.5486(15)  0.3449(13) 0.1680(15) 3.58(55) C(34) 0.5984(17) 0.3150(15) 0.3570(17) 2.28(57)
N (7) 0.,5814(13) 0.2062(12) 0.0182(13) 2.,30(49) C(35) 0.5654(19) 0.3765(17) 0.2800(20) 3.70(69)
N (8) 0.6776(13)  0.1302(12) 0.1803(14) 2,11 (44) C(36) 0.4617(19) 0.4209(17) 0.3004(20) 3.82(70)
c (1) 0.2241(17) 0.1162(16) 0.2316(19) 3.18(65) C€(37) 0.4760(20) 0.4521(19) 0.4056(24)  3.,72(76)
c (2) 0.2097(20) 0.1857(18) 0.3150(20) 3.,96(71) C(38) 0.5103(27) 0.5277(27) 0.4134(31) 8.55(121)
c (3) 0.1769(17) 0.1366(17) 0.4181(19) 3.,25(64) C(39) 0.5196(26) 0.5607(23) 0.5349(29) 7.45(108)
c (4) 0.1803(24) 0.1997(19) 0.5046(21) 4.35(75) C(40) °  0.5027(24) 0.5057(24) 0.6103(25) 6.24(90)
Cc (5) 0.2709(23)  0.2222(20) 0.5593(24) 6.26(89) c(41) 0.4522(27) 0.4380(26) 0.5762(32) 8.30(117)
c (6) 0.2695(26)  0.2865(21) 0.6441(25) 6.29(92) c(42) '0.4410(20)  0.4129(18) 0.4854(25)  4.44(79)
c (M 0,1891(28) 0.3226(22) 0.6577(24) 6,36(94) c(43) 0.7534(17) 0.1357(15) 0.2696(18)  2.24(56)
C (8) 0.0978(29)  0.3019(26) 0.6106(29) 8.91(116)  C(44) 0.7873(19)  0.0500(17) 0.3065(20) 3.75(75)
C (9) 0.0918(22)  0.2340(21) 0.5225(21) 5,52(78) C(45) 0,.8580(20) 0.0611(17) 0.4178(22) 3,99(72)
c(lo) 0.2155(16) 0.1198(15) 0.0299(17) 2,12(55) C(46) 0.8170(20) . 0.1042(18) 0.4919(21)  4.24(75)
c(11) 0.1930(16) 0.1818(15) -0,0530(16) 1.81(54) c47) 0.7813(20) 0.,1965(18) 0.4515(20) 3.98(70)
c(12) 0.1775(17) 0.1418(16) -0,1546(18) 2,99(64) c(48) 0.7059(17)  0.1826(15) 0.3541(17) 2.15(56)

Anisotropic thermal parametersb

Atom B11 B2z Bz Bi2 By Bas

Co(l) ©0.00405(30) 0.00193(19) 0,00454(33) 0.00072(26) 0.00069(24) -0.00071(28)

Co(2) 0.00417(31) 0,00289(20) 0.00373(31) -0.00075(28) 0,00042(24) 0,00049(29)

Cc1(1) 0.00428(55) 0.00367(43) 0.00486(61) 0.00011(41) 0.00112(44) 0.00112(41)

Cc1(2) 0.00659(66) 0.00237(40) 0.00833(74) ~0.00057(42) 0.00076(53) ~0.,00055(44)

c1(3) 0.00427(56) 0.00398(43) 0.00735(686) -0.00095(41) 0.00040(48) ~0,00091(45)

Cl(4) 0.00330(55) 0.00439(42) 0.00615(63) -0.00044 (40) -0,00027(47) 0.00026(44)

C1(5) 0.00571(71) 0.00597(57) 0.00679(75) -0.00084 (50) -0.00040(57) -0.00115(53)

ClL(6) 0.01148(96) 0.00621(62) 0.00768(8&6) -0,00027(69) ~0.00065(75) 0.00118(64)

2Numbers in parentlieses are estimated standard deviations from the least-sguares refinement;

parameters, X 1P for anisotropic theirmal parameters, and X 10% for all other parameters.

YThe form of the thermal ellipsoid is exp[ - (h2511+k2622+A2633+2hk512+2hA513+2kA52,)] where B,
square amplitude tensgors by the expression, e.g., B *h#

light atoms to final R;, R: values of 0.096, 0.098.°

1272770, 22

A difference

map calculated from the final data set showed some light-
atom thermal anisotropy as expected but otherwise indicated a
reasonably complete refinement. Undoubtedly the somewhat
high value for the final R factor is a result of omitting anisotropic
thermal corrections for the light atoms, but the question of molec-
ular conformation in the coordination sphere appeared to be ade-
quately answered, and the refinement was terininated. The
choice of enantiomer was subsequently verified with 2kl data as
discussed in a later section. Table I compares observed and
calculated structure factors for the final calculation, and Table 11

lists the final atomic parameters.

ORD and CD Data.—Optical rotatory dispersion and circular
dichroism measurements were made using 0.1-mm and 1.0-cm

X 102 for isotropic thermal

i are related to the mean-

cells at 256 &= 2° on a Cary 60 ORD-CD instrument, and the ab-
sorption spectrum was measured on a Beckman DK-2A spectromi-
eter. Spectral grade methanol was used as the solvent in both

cases.

Discussion of the Structure

Bonding.—Figure 2 gives a stereoview of the asym-

metric unit.

The two independent molecules have

identical configurations and chelate ring conformations,
but the conformations of the remaining portions of the
molecules are different as a result of crystal packing

forces.

Bond distances are given in Table III.

Co-N
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TasLe III
BonD DIsTANCES AND SOME BoND ANGLES IN [Co{CaH3eNy)Cly] ClO;

Molecule I Molecule II
Co(1)-N(l) 1.970(18)A C1(5)-0(1) 1.44(2)4 Co(2)-N(5) 1.947(174 C1(6)-0(5) 1.30(3)k
Co(1)-N(2) 1.,933(18) C1(5)-0(2) 1.33(2) Co(2)-N(6) 1,988(21) C1(6)~-0(6) 1.52(4)
Co(1)-N(3) 1.953(20) C1(5)~-0(3) 1.49(2) Co(2)-N(7) 1.978(18) C1(6)-0(7) 1.38(4)
Co{l)-N(4) 1.963(19) C1({5)-0(4) 1.46(3) Co(2)-N(8) 1.986(19) C1(6)-0(8) 1.35(4)
Co(1)-Cl(1) 2.264(8) Co(2)-CL(3) 2,218(8)
Co(l)-C1(2) 2.261(8) Co(2)-CL(4) 2.296(8)
C(L1)-N(3) 1.54(3) C(16)-N(2) 1.50(3) C(25)-N(8) 1.46(3) C(34)~N(5) 1.58(3)
c(2)-N(1) 1.48(3) C(17)-N(4) 1.49(3) C(26)-8(7) 1.49(3) C(35) -N(6) 1,54(3)
c(1)-C(2) 1.61(4) C(16)-C(17) 1.53(3) c(25)-C(26) 1.60(3) C(34)-C(35) 1.47(3)
€(2)-C(3) 1.66(3) C(17)-C(18) 1.60(3) c(26)-C(27) 1.62(3) C(35)-C(36) 1.60(3)
c(3)-C(4) 1.54(3) C(18)-C(19) 1.56(3) c(27)-c(28)  1.42(3) C(36)-C(37) 1.46(3)
C(4)-C(5) 1.39(3) c(18)-C(20) 1.37(3) €(28)-c(29) 1.,59(4) C(37)-C(38) 1.34(4)
Cc(5)-C(86) 1.54(4) c(20)-C(21) 1.38(3) C(29)~C(30) 1.42(4) C(38)-C(39) 1,67(4)
C(6)~C(7) 1.25(4) c(21)-c(22) 1.41(3) €(30)-C(31)  1.28(3) C(39)-C(40) 1.37(4)
c(7)-c(8) 1.35(4) C(22)-C(23) 1,31(3) C(31)-Cc(32) 1.45(4) Cc(40)-C(41) 1.37(4)
C(8)-C(9) 1.60(4) C(23)-C(24) 1.42(3) €(32)-C(33)  1.43(3) C(41)-C(42) 1.25(4)
c(9)-C(4) 1.34(3) €(24)-C{19) 1.46(3) €(33)-C(28) 1.42(3) Cc(42)-C(37)  1.34(3)
C(Ll0)-N(3) 1.51(3) €(43)-N(8) 1.47(2)
C(11)-N{2) 1.51(2) N(1)-Co(l)-N(4) 103,0(8)° C(48)-N(5) 1.51(3) N(6)-Co(2)-N(7) 107,8(8)°

N(4)-Co(1)-N(2) 83.5(8)
.51(3) N(2)-Co(1)-N(3) 87.2(8)
.48(3)  N(3)-Co(l)-N(1) 86.9(8)
.70(3)
.46(3) C1l(1)=-Co(1)~CL(2) 177,7(3)
L61(3) N(3)-Co(l)-N(4) 167,6(8)
.62(3) N(1)-Co(1l)-N(2) 172,3(9)

C(10)-C(1L1)
C(11)-C(12)
c(12)-C(13)
C(13)-C(14)
C(l4)-Cc(15)
C(15)-C(10)

IR T S e N ]

distances average to 1.95 £ 0.02 A in molecule I and
1.97 = 0.02 A in molecule II, in good agreement with
the 1.95-2.00-A range of the values recently reported for
some bidentate ligands.8~1 The Co~Cl distances
average to 2.260 + 0.008 A, also in agreement with
published values (2.22-2.49 A1112), Because of a lack
of high-order reflections, the large weight of the heavy-
atom contributions, and a considerable degree of aniso-
tropy in thermal vibrations for some light atoms (see
Figure 2), the accuracy of the structure with respect to
the carbon, nitrogen, and oxygen is such that no signifi-
cance can be attached to the fairly wide range of bond
distances observed in those parts of the structure.
However, it is interesting to note that bond distances
in each of the four phenyl rings average to 1.41 =+ 0.04,
1.39 =+ 0.04, 1.43 % 0.04, and 1.39 = 0.04 A and that
the averages for the two cyclohexane rings are both
1.56 = 0.03 A.

The large thermal motion in the perchlorate ions is
obvious in Figure 2, and again the range of observed
bond distances is large. Averaging also gives reason-
able values, 1.43 = 0.03 and 1.41 = 0.04 A, comparable
to a recently published value of 1.43 A.!3 Thermal
parameters for the perchlorate oxygen atoms O(1)-
O(4) are comparable to those for other light atoms in
the molecule, and N—O nonbonded distances for these
atoms range from 3.01 to 3.21 A suggesting an ordered
structure for this one of the two anions in the asym-
metric unit. On the other hand, thermal parameters
for O(5)-0(8) range from 14.1 to 17.2 and nonbonded
distances here show a much broader spread from 2.89
to 3.48 A, suggestive of possible disorder in this anion.
The difference map, however, supports an interpreta-

(8) H. Iwasakiand Y. Saito, Bull. Chem. So¢c. Jap., 89, 92 (1966).

(9) D. A.Snyder and D. L. Weaver, Chem, Commun., 1425 (1969).

(10) C.F. Liuand J. A. Ibers, Inorg. Chem., 8, 1911 (1969).

(11y M. A. Porai-Koshits, 7'». Iust. Kristallogr. Aked. Nauk SSSR,
10, 117 (1954),

(12) K. A. Becker, G. Grosse, and K. L. Plieth, Z. Kristallogr. Kristallgeo-
metrie, Kristallphys., Kristallchem., 112, 375 (1959).

(13) 1. F. Taylor, Jr., E. A. Hall, and E. L. Amma, J. Amer. Chem. Soc.,
91, 5745 (1969).

N(7)-Co(2)-N(8) 85.3(8)
©(43)-C(44) 1.56(3) N(8)-Co(2)-N(5) 86.5(8)
C(44)~C(45) 1.66(3) N(5)-Co(2)-N(6) 87.1(8
C(45)-C(46)  1.35(3)
C(46)-C(47) 1.68(4) CL(3)-Co(2)-CL(4) 174.1(4)
C(47)-C(48) 1.56(3) N(5)-Co(2)-N(7) 168.,7(8)
1.53(3) N(6)-Co(2)-N(8) 171,3(8)

C(48) -C(43)
tion of excessive anisotropy of motion, and both anions
are treated as ordered in our model.

The geometry of the Co coordination octahedron can
be seen from the bond angles given in Table IIT which
suggest that the constraining geometry of the ligand
molecule results in the opening of the N-Co~N’ angles
for the terminal -NH, groups to 103.0 and 107.8° from
a normal 90°. The other angles in the equatorial
planes vary from 83.5 to 87.2°. The deviation of the
four nitrogen atoms from their average plane is 0.10 A
in molecule I and 0.11 A in molecule II. In both cases,
to Co atoms lie very nearly in the plane, and the nitro-
gens alternate above and below the plane in a rotation
sequence about the CI-Co-Cl’ axis. The axial Cl-
Co-CY’ angles are 174.1 and 177.7° in molecules I and
II, respectively. As expected, the five-membered
chelate rings are puckered. Deviations of the atoms
from their average planes range from 0.10 to 0.35 A.

Nonbonded interactions (listed in Table IV) appear
to play an important role in stabilizing the trans struc-

TABLE IV
NoNBONDED DISTANCES IN [Co(CaH;eNy)Cl]ClO; (A)s

N(2) N(7)
N(4) /N(3, N(6) /N(S)
N@) \\/ N(5)

————————Intramolecular- ——Intermolecular——
CI(1)-N(1) 2.94 CIl¢4)-N(5) 3.16 N(3)-Cl(4) 3.33
CI(1)-N(2) 2.92 Cl4)-N(6) 2.96 N@4)-CI(3) 3.42
CI(1)-N(3) 3.14 CI(4)-N(7) 3.07
CI(1)-N(4) 8.05 Cl(4)-N(8) 2.97
Cl(2)-N(1) 3.00 N(1)-N(4) 3.08 N(1)-O(4) 3.01
CI(2)~N(2) 3.08 N(4-N(2) 2.59 N(4)-0(1) 3.19
Cl(2)-N(3) 2.85 N(2)-N(3) 2.68 N(4)-04) 3.21
Cl(2)-N(4) 2.93 N(@3)-N(1) 2.70
CI(3)-N(5) 2.89 N(6)-N(7) 3.07 N(5)-0(3) 3.18
CI(8)-N(6) 2.94 N(7)-N(8) 2.68 N(6)-O(7) 2.89
CI(3)-N(7) 2.86 N(8)-N(5) 2.69 N(6)-O(8) 3.48
CI(3)-N(8) 3.16 N(53)-N(6) 2.71 XN(7)-O(6) 3.39
N(7)-O(8) 3.08
N(8)-O(5) 3.46

¢ Errors are of the order of £0.05 A.
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Figure 3.—Absorption (— - —), CD (—), and ORD (----) spectra of (+ )sse-tans-((— Ysse-N,N'-bis((S)-2-amino-3-phenylpropyl)-trans-(R)-

1,2-cyclohexanediamine-8A8 )dichlorocobalt(I1I) perchlorate in methanol (0.0123 g/10 ml, 25 == 2°).

ture. The N(1)-N(4) and N({6)-N(7) distances reflect
the distortion of the coordination octahedra in being
considerably longer than the other N-N approaches
in each octahedron. The N-Cl intramolecular dis-
tances are interesting in that there is one largest value
in each set of four corresponding to the nitrogen which
has its hydrogen pointing away from that chlorine.
The deviation of the Cl-Co—Cl’ axis from a straight
line may result from weak N-H - - - Cl attractions, in-
volving the three amino hydrogens on one side of the
equatorial plane and the 90° rotation about the Cl-
Co—Cl’ axis of the three on the other side. These N—
Cl distances range from 2.85 to 3.16 Aand are, of course,
a secondary result of the Co-Cl bonding but may con-
tribute to the stability of the structure.

The 2.89-A approach between N(6) and O(7) is in the
range of distances considered to represent N-H:---O
hydrogen bonding, but the excessive thermal vibration
observed in the O(7) perchlorate ion results in large
errors for interatomic ‘distance calculations and no
such significance can be supported in this case.

Finally, it is interesting to note that the perchlorate
ions pack to approach the open sides of the coordinated
Co cations (see Figure 2). ‘

Absolute Configuration.—Table V presents the
anomalous dispersion data which confirm the absolute
configuration of the complex as (+)sse-trans-((—)sse-
N,N'-bis((S)-2-amino-3-phenylpropyl) - trans - (R) - 1,2-
cyclohexanediamine-§\é)dichlorocobalt(III)  perchlo-

TABLE V

COMPARISON OF BIJVOET PAIRS FOR ABSOLUTE
CONFIGURATION OF [Co(C2H3sN,)Cl,]ClO,

Fo(hEl)/ Fo(hkl)/ Folhkl)/  Fo(kkl)/
Rkl Fo(hkl) Fo(hED) ki Fo(hkD) Fo(hkl)
040 0.86 0.86 222 1.29 1.38
052 1.31 1.36 222 1.27 1.35
023 0.85 0.87 213 0.40 0.59
063 0.34 0.49 233 1.35 1.42
024 1.21 1.28 254 1.42 2.19
064 1.59 1.91 254 1.50 1.71
055 0.64 0.82 411 1.84 2.19
129 1.79 1.78 312 0.60 0.53
210 0.90 0.87 444 0.63 0.70
250 1.53 1.50 115 0.67 0.71
221 0.24 0.42 625 1.63 1.64
231 0.80 0.78

rate.!* This nomenclature (vide infra) combines recent
conventions.’® Our result confirms, by a direct
method, the R configuration assigned to (+)-trans-
cyclohexane-1,2-diamine on the basis of optical rotatory
dispersion curve comparison.1¢

(14)- The rotation of the ligand was measured on a solution of the tetra-
hydrochloride salt in H20.

(15) (a) J. H. Dunlop, R. D. Gillard, and G. Wilkinson, J. Chem. Soc.,
3160 (1964); (b) R. D. Gillard, Tetrahedron, 31, 503 (1865); (c) F. Woldbye,
Rec. Chem. Progr., 24, 197 (1963); (d) F. Woldbye, Technical Report
DA-91-508-EUC, European Research Office, U. S. Army, 1959, p 246.

(16) Abbreviations of nomenclature used in this paper are (a) (S,S)-
a,a’-(CHs)zetrien for (S,5)-2,9-diamino-4,7-diazadecane, (b) (S)-3,8-(CHs)2-
trien for (S,5)-1,8-diamino-2,7-dimethyl-3,6-diazaoctane, (c) trien for 1,8-
diamino-3,6-diazaoctane (or triethylenetetramine), (d) (S)-pn for (S)-1,2-
diaminopropane (or (S)-propylenediamine), (¢) Meen for l-amino-3-aza-
butane, and (f) Ni-Mepn for 1-amino-2-methyl-3-azabutane.



564 Inorgamic Chemistry, Vol. 10, No. 3, 1971

Cl

JuNe W. TURLEY AND ROBERT G. ASPERGER

Cl
/ /<cu

SN I

/’/HQE/

— \ e
/“c’is— c1- > N\

Ci

v

Figure 4.—Structural formulas for complexes II-V1.

Discussion of the Circular Dichroism

ORD, CD, and absorption spectra for I are shown in
Figure 3. The fine structure in the ultraviolet region
of the curve (obtained using the 0.1-mm cell) is of con-
siderable interest. The uncertainty of the base line in
this region is large, but the absolute magnitudes of the
peaks are independent of this, and the small, sharp,
negative band at 214 my is reproducible. Consecutive
runs give curves which are displaced vertically from
each other due to the limitation of the instrument under
these difficult experimental conditions, and this uncer-
tainty in the base line is indicated in the figure.

The five compounds shown in Figure 4 have CD
spectra similar to that for I, as seen in the comparison
in Figure 5. The compounds are® (+ )sg-trans-Co((S)-
3,8-(CHj)o-trien-8A8)Clet (I1),Y (4 )sse-trans-Co(trien-
SN)Cle* (I11),18 (+ )sus-trans-Co((S)-pn-6),Clyt (IV),18.19
(—=)sso-trans,trans-(R,R)-Co(Meen-8),Cl,* (V),! and
(= )sso-trams,trans-(R,R)-Co(Ni-Mepn-6),Cle*  (VI).20
The reader is again referred to a later section for nomen-
clature. Compounds I-III have CD spectra in which
peaks occur at nearly the same wavelength and differ
only in magnitude. These differences cannot be as-
cribed to variations in configuration and conformation
as is the case for the tris-diamine complexes of Co(III)
and Pt(IV) ions,2! 22 since all three are identical in these
respects. On the other hand, these complexes differ
considerably in the distribution of other atoms outside

(17) 8. Yoshikawa, T. Sekihare, and M. Goto, Inorg. Chem., 6, 189
(1987).

(18) D. A. Buckingham, P. A, Marzilli, A. M. Sargeson, 8. F. Mason,
and P. B. Beddoe, Chem. Commun., 433 (1967).

(19) Y. Saito and H. Iwasaki, Bull. Chem. Soc. Jap., 35, 1131 (1962),

(20) M. Saburi, Y. Tsujito, and 8. Yoshikawa, Inorg. Nucl. Chem. Lett.,
8, 203 (1969).

(21) A. J. McCaffery, S. F. Mason, B. J. Norman, and A. M. Sargeson,
J. Chem. Soc. 4, 1304 (1968).

(22) R. Larsson, G. H. Searle, S, F. Mason, and A. M. Sargeson, ibid., 4,
1310 (1968).

the first coordination sphere, and it is suggested here
that these differences give rise to the differences in the
CD spectra. The sensitivity of the spectra to varia-
tions in structure can be demonstrated by considering
structures III and V. Complex V goes to III if the
methyl group at position 2 is interchanged with the hy-
drogen at position 3 and the two methyls then lose two
protons and form a carbon-carbon bond to give trien.
Thus the differences between the CD spectra for III
and V can only be due to the relocation of one carbon
atom in the first coordination sphere. Similar changes
at a further distance from the coordinating ion can also
be expected to give observable effects,?3~2? and changes
in substituent groups on a ligand should produce
changes in the CD spectrum as has been observed for
steroids with F— and phenyl substituents.??

Nomenclature

Nomenclature used in this paper is based on several
recent proposals,® 3 and a brief description follows to
facilitate the recognition of equivalent structures given
with earlier nomenclature. It must be pointed out,
however, that deficiencies in nomenclature used pre-
viously have resulted in the presence of many ambi-
guities in the literature,

R and S are used to denote the absolute configuration
of asymmetric carbon atoms or to refer to the absolute

(23) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “Con-
formational Analysis,’”” Interscience, New York, N. Y., 1965, p 166.

(24) C.J. Hawkins, Chem, Commun., 777 (1969).

(25) J. 1. Legg, D. W. Cook, and B. E. Douglas, Inorg. Chem., 8, 700
(1967).

(26) B. E. Douglas and S. Yamada, tbid., 4, 1561 (1985).

(27) C.T. Liu and B. E. Douglas, #bid., 8, 1356 (1964),

(28) N. Koine, N. Sakota, J. Hidaka, and Y. Shimura, Bull. Chem. Soc.
Jap., 42, 1583, 1779 (1969).

(29) K. Yamasaki, J. Hidaka, and Y. Shimura, ibid., 43, 119 (1969).

(30) K. A. Jensen, Inorg. Chem., 9, 1 (1970).

(31) K., Mislow, ‘‘Introduction to Stereochemistry,” W. A. Benjamin,
New York, N. Y., 10686,
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Figure 5.—A comparison of the CD spectra of II-IV with that for I:

configuration of coordinated nitrogen when used pre-
ceding the bracket enclosing the ligand descriptor in a
named complex. According to Mislow,?! if the priority
order of groups attached to the asymmetric atom is de-
creasing atomic number and for the same atomic
number is decreasing isotopic mass and if the group of
lowest priority is viewed through a triangle formed by
joining the other three groups, then if the observed
order of decreasing priority on the triangle is clockwise,
the configuration is R (rectus), and if the order is
counterclockwise, the configuration is S (sinister).

The IUPAC commission on the nomenclature of ab-
solute configuration for six-coordinated complexes has
formulated the following rule. ‘“The line joining the
two ligating atoms, AA, and the line joining the two
atoms of the chelate ring adjacent to each of the ligating
atoms, BB, define a helix. AA is the axis of the helix,
and BB is the tangent at the common normal for the
skew lines. The tangent describes a right-handed (8)
or a left-handed (M) helix with respect to the axis and

I, — o= I, wen; TIT, s ooy TV, ——5 V, ceen e ; VI, —-—-.

thereby defines the conformation.”

As an illustration, note that the complex (4 )sso-
trans-Co(trien-8A8)Cl* is equivalent to (- )sge-trans-
(S,5)-Co(trien)Cl,*. On the other hand, the complex
written as (— )sgo-trans,irans-(R,R)-Co(Meen),Cly* ! has
conformational ambiguity and, when written as (—)ss9-
trans,trans-Co(Meen-8);Cly*, has an ambiguity with re-
spect to the absolute configuration of the nitrogen
atoms. A precise description would be (- )sgp-trans,-
trans-(R,R)-Co(Meen-§);Clz*. Note also that the ab-
solute configuration of complex III was originally de-
scribed correctly?® as (- )so-trans-(S,S)-Co(trien)Clyt
but was later incorrectly named! as (4 )ssp-trans-(R,R)-
Co(trien)Cly* when referring to the same CD curve.

(32) D. A, Buckingham, P. A. Marzilli, and A. M. Sargeson, Inorg. Chem.,
6, 1032 (1967).



